Abstract: A photonic approach to generate a frequency and bandwidth multiplying dualchirp microwave waveform using a single dual-polarization quadrature phase shift keying (DP-QPSK) modulator is proposed and demonstrated. In the proposed scheme, an RF carrier is applied to one QPSK modulator and a baseband single-chirp waveform is applied to another. By setting the driving signals applied to the modulator and adjusting the dc bias phases in the modulator, high-order optical sidebands can be obtained with the optical carrier suppressed. After optical to electrical conversion, a frequency-doubling and bandwidthquadrupling, or frequency-quadrupling and bandwidth-octupling dual-chirp microwave can be generated. The approach is verified by simulation. Dual-chirp microwave waveforms with 16-GHz central frequency, 2048-MHz bandwidth and 32-GHz central frequency, 4096-MHz bandwidth are generated through an 8-GHz RF carrier and 512-MHz bandwidth baseband signal. The generated dual-chirp microwave waveform can be used in a radar system to improve its range-Doppler resolution.
Introduction
Linearly chirped microwave waveforms have been widely used in radar, seismology, sonar and underwater acoustics to achieve high resolutions through pulse compression [1] . Conventionally, linearly chirped signals can be obtained in the electrical domain, by using either analog or digital methods, but with limitations of small bandwidth and low central frequency. To cope with these problems, photonic methods have been proposed to generate linearly chirped waveforms thanks to the inherent advantages of photonic techniques such as high frequency, wide bandwidth, large tunability, good flexibility and immunity to electromagnetic interference [2] .
Numbers of photonic schemes have been proposed to generate a linearly chirped waveform. For example, one method is based on the direct space-to-time mapping, in which a spatial light modulator (SLM) is usually employed to perform the spatial-domain pulse shaping [3] . The generated waveform has full reconfigurability, but the system is bulky and lossy due to the complicated fiber-to-space and space-to-fiber coupling operations. The second method to generate a linearly chirped waveform is based on spectral shaping combined with frequency-to-time mapping [4] - [8] .
The key operation of this method is the spectral shaping of the optical ultra-short pulse, which can be realized by using either a SLM [6] , a specially designed fiber Bragg grating (FBG) [7] , or an integrated silicon chip [8] . The SLM-based approach can achieve flexible signal generation, but the system is bulky and lossy. The FBG-based approach has light weight, but the frequency tunability is relatively poor due to the fixed spectral response of the FBG. The chip-based approach can offer high integration, but the complexity of the generated signal is restricted by the number of the microring resonators. The method based on interfering of two dispersed optical pulses is also proposed to generate a linearly chirped waveform [9] , [10] . In this method, a Michelson or Mach-Zehnder interferometer is usually used to generate two optical pulses with different dispersions and time delays. After interfering them with each other, a linearly chirped waveform can be generated. The main drawback of this technique is that, the separated interference configuration is sensitive to environmental variations, which leading to poor stability. Furthermore, there is a common problem associated with all the methods mentioned above. The temporal pulsewidth of the generated waveform is limited to few nanoseconds, which may restrict the average power and the detection distance of the radar system. To obtain a linearly chirped waveform with long time duration, external phase modulating of two wavelengths can be employed [11] - [13] . In this method, two coherent optical wavelengths are first generated by driving a modulator with an RF signal. Then, a phase or polarization modulator is utilized to introduce the phase difference. The major limitation of this technique is that, the bandwidth of the generated signal is limited by the phase modulation index, leading to a small time bandwidth product (TBWP). Note that the TBWP can be improved by using a recirculating phase modulation loop [14] or splitting the driving signal into many pieces [15] , but the system is costly and complicated due to the use of multiple modulators and the sophisticated synchronization. To directly generate a linearly chirped waveform with large TBWP, heterodyne-beating of two wavelengths is proposed [16] , [17] . The key point of this method is the generation of two wavelengths with linearly changed frequency space, which can be realized by using a wavelength-fixed and a wavelength sweeping lasers, or an optically injected semiconductor laser structure. By beating the two wavelengths, a linearly chirped waveform can be obtained. This method can directly generate a signal with very large TBWP, but suffers from a large phase noise due to the wide instantaneous-linewidth of the frequency-varying laser and the in-correlate phases of the two lasers. Another method to generate a linearly chirped waveform with large TBWP is based on self-heterodyning [18] . In the approach, a quadratically frequency-modulated optical pulse is first generated and then put into a Mach-Zehnder interferometer to introduce a time delay. After beating the two optical signals output from the two paths of the interferometer, a linearly chirped signal can be generated. The main problem of this approach is that, the frequency and bandwidth of the generated signal cannot be tuned independently, which may hinder the application. The microwave frequency multiplying in the optical domain is also investigated to generate a linearly chirped waveform with large TBWP [19] . In the approach, a linearly chirped signal is first generated in electrical domain, then, an electro-optic modulator driven by the chirped signal is DC biased to generate optical carrier and second-order sidebands. By removing the optical carrier through an optical filter (OF) and beating the two second-order sidebands, a frequency and bandwidth quadrupling linearly chirped signal is obtained. The approach can generate a waveform with high frequency and wide bandwidth, but the usage of the OF makes the system has limited tunability.
On the other hand, a linearly chirped waveform has an ambiguity function with large rangeDoppler coupling, which leading to a reduced range-Doppler resolution [20] . To overcome this problem, a dual-chirp signal can be used [21] , [22] . A dual-chirp microwave waveform consists of two complementarily chirped microwave waveforms within the same time duration, with one having an up-chirp and the other a down-chirp. Such a signal can be used in ultrasound locating of a moving target. Very recently, a photonic approach to generate a dual-chirp microwave waveform using a single dual-parallel Mach-Zehnder modulator (DPMZM) is proposed [23] . In the approach, a baseband single-chirp waveform is applied to one sub-MZM of the DPMZM and an RF carrier is applied to another. By biasing the two sub-MZMs to suppress the optical carrier, a dual-chirp microwave waveform with a central frequency up-converted to the frequency of the RF carrier is generated. The main problem of the approach is that, the frequency and bandwidth of the generated signal are limited by the modulator and electrical devices as there is no frequency or bandwidth multiplying operation.
In this paper, we propose a photonic approach to generate a frequency and bandwidth multiplying dual-chirp microwave waveform by using a single integrated modulator. The key component of the scheme is a dual-polarization quadrature phase shift keying (DP-QPSK) modulator, which consists of a 3-dB optical coupler, two QPSK modulators and a polarization beam combiner (PBC). One QPSK modulator of the integrated modulator is driven by a baseband linearly chirped waveform while another is driven by an RF signal to generate high order sidebands with the optical carrier suppressed. After optical to electrical conversion, a frequency-doubling and bandwidthquadrupling or frequency-quadrupling and bandwidth-octupling dual-chirp microwave waveform can be generated. The key advantage of the approach is that three functions are implemented simultaneously, 1) to generate two complementarily chirped waveforms, 2) to up-convert the central frequency of the dual-chirp waveform, and 3) to perform the frequency and bandwidth multiplying of the dual-chirp waveform. Besides, the scheme is compact and stable as only one modulator is employed, and the optical filter-free operation guarantees the tunability of the generated signal. Fig. 1 shows the schematic configuration of the proposed frequency and bandwidth multiplying dual-chirp microwave waveform generation system, which consists of a laserdiode (LD), an integrated DP-QPSK modulator, a polarizer (Pol) and a photodetector (PD). The light wave from the LD is sent to the integrated modulator. The DP-QPSK modulator consists of a 3-dB optical coupler, two QPSK modulators and a PBC, as shown in the figure, and each of the QPSK modulators consists of two sub-MZMs placed parallel in a main-MZM. The integrated device has four RF input ports, the ports 1 and 2 correspond to the upper QPSK modulator while the ports 3 and 4 correspond to the bottom one. The upper QPSK modulator is driven by an RF signal, while the bottom one driven by a baseband single-chirp waveform. To obtain a frequency and bandwidth multiplying dual-chirp microwave waveform with different multiplication factor, only ports 1 and 3 or all the ports from 1 to 4 are driven by the electrical signals. At the output of the integrated modulator, the optical modulated signals from the two QPSK modulators are combined with orthogonal polarization states through the PBC. Then, a Pol is followed by to project the two orthogonally-polarized optical signals in the same direction. After that, a PD is utilized to perform the optical to electrical conversion.
Principle and Theoretical Investigation
To simplify the analysis, the two QPSK modulators have identical parameters and the insertion loss of the modulator is neglected. For a single sub-MZM of the upper QPSK modulator driven by an RF signal, the modulated optical signal can be expressed by the Jacobi-Anger expansion 
where E i n and ω 0 are the amplitude and angular frequency of the light, respectively.
is the modulation index, V 1 is the amplitude of the RF signal, V π is the half-voltage of the sub-MZM, ω is the angular frequency of the RF signal, θ 1 is the DC bias phase of the sub-MZM, J n is the nth-order Bessel function of the first kind. Similarly, for a single sub-MZM of the bottom QPSK modulator driven by a baseband single-chirp waveform with amplitude of V 2 and chirp rate of k, the modulated optical signal can be expressed as
where m 2 = πV 2 /(2V π ) is the modulation index, θ 2 is the DC bias phase of the sub-MZM. As can be seen, for a broad-spectrum driving signal, the modulation operation is the same as that of one-tone RF signal. When only the RF input ports 1 and 3 of the modulator are connected to the driving RF and baseband signals, respectively, a frequency-doubling and bandwidth-quadrupling dual-chirp microwave waveform can be generated, as shown in Fig. 2 . Fig. 2(a) shows the optical signals in the DP-QPSK modulator. In the upper QPSK modulator, one sub-MZM is driven by the RF signal to generate optical carrier and second-order sidebands. By adjusting the DC bias voltages of the other sub-MZM and the main-MZM to make the two optical carriers from the two sub-MZMs have identical powers and opposite phases, then the optical carriers canceled each other and only the second-order sidebands obtained. Similarly, at the output of the bottom QPSK modulator, only the second-order optical sidebands of the baseband chirp signal is generated. At the output of the DP-QPSK modulator, the signals from the two QPSK modulators are combined with orthogonal polarization states, as shown in Fig. 2(b) . At the output of the Pol, the two orthogonally-polarized signals are projected in the same direction, as shown in Fig. 2(c) . After that, the optical signal is sent to a PD, at the output of the PD, a dual-chirp microwave waveform with frequency-doubling and bandwidth-quadrupling operation can be obtained, as shown in Fig. 2(d) .
When the high-order sidebands are neglected, the optical signals at the output of the integrated modulator can be expressed as 
where θ 3 and θ 5 are the DC bias phases of the un-driven sub-MZMs, θ 4 and θ 6 are the DC bias phases of the main-MZMs, x and y represent the principal axes of the PBC. To cancel the optical carriers, one of the following conditions should be satisfied
When the principal axis of the Pol has an angle of 45°to x axis, the output optical signal of the Pol is given by 
Then, the optical signal is sent to the PD, at the output of the PD, the generated electrical signal can be expressed as
where R is the responsivity of each PD and * denotes conjugation. As can be seen, a dual-chirp signal with an up-chirp and a down-chirp waveform is generated. The generated dual-chirp waveform has a central frequency of 2ω, which is two times the frequency of the RF signal. On the other hand, the bandwidth of the generated waveform is four times the bandwidth of the driving baseband signal. Assuming the driving baseband signal has a time duration of T and a bandwidth of B = kT/π, then the bandwidth of the generated dual-chirp waveform is 4B. The generated dual-chirp waveform also affected by the DC bias phases of the main-MZMs, when θ 4 and θ 6 has a phase difference of π, the dual-chirp waveform will be totally suppressed. Therefore, the main-MZMs should be DC biased as θ 4 = θ 6 = 0 or θ 4 = θ 6 = π.
It can also be seen that, the DC component, baseband term cos 4kt 2 and high frequency term cos 4ωt are also generated, but the DC and baseband components can be easily removed due to the bandpass nature of a transmitting antenna, while the high frequency component can be eliminated due to the bandwidth limitation of the PD.
Furthermore, a frequency-quadrupling and bandwidth-octupling dual-chip waveform can be obtained. In this study, all the four RF input ports are driven by electrical signals, i.e. ports 1 and 2 are driven by RF signals while ports 3 and 4 are driven by baseband single-chirp signals. Fig. 3(a) shows the optical signals in the DP-QPSK modulator. In the upper QPSK modulator, the sub-MZMs are DC biased to generate optical carriers, second and fourth-order sidebands. By adjusting the DC bias phase of the main-MZM and the phase difference between the two RF signals, the secondorder sidebands can be suppressed while only the optical carrier and fourth-order sidebands are obtained. Similarly, in the bottom QPSK modulator, by adjusting the DC bias phases of the modulator and the initial phases of the two baseband signals, optical carrier and fourth-order sidebands are obtained. At the output of the integrated modulator, the two modulated signals from two QPSK modulators are orthogonally-polarized, as shown in Fig. 3(b) . Then, the two optical carriers can be cancelled each other by adjusting the principal axis of the Pol, as shown in Fig. 3(c) . After that, a frequency-quadrupling and bandwidth-octupling dual-chirp microwave waveform can be generated through optical to electrical conversion, as shown in Fig. 3(d) .
To obtain optical carrier and fourth-order sidebands at the output of the upper QPSK modulator, the modulator should be biased as θ 1 = θ 3 = θ 4 = 0, and the two RF signals applied to ports 1 and 2 should have a phase difference of π/2. The modulated optical signal at the output of the upper QPSK modulator is given by 
For the bottom QPSK modulator, the modulator biased as θ 2 = θ 5 = θ 6 = 0, and the two baseband signals applied to ports 3 and 4 have an initial phases of 0 and π/2, respectively. The modulated optical signal at the output of the bottom QPSK modulator is 
When the high-order sidebands are neglected, the optical signals at the output of the integrated modulator can be expressed as
When the principal axis of the Pol has an angle of β to x axis, the output optical signal of the Pol is given by
To suppress the optical carriers, the following condition should be satisfied
After that, the generated electrical signal at the output of the PD is given by
As can be seen, a frequency-quadrupling and bandwidth-octupling dual-chirp signal is generated. For the generated frequency and bandwidth multiplying dual-chirp microwave waveform, the central frequency can be tuned by tuning the frequency of the RF signal applied to the upper QPSK modulator, while the chirp rate and bandwidth can be tuned by tuning the value k of the baseband single-chirp waveform applied to the bottom QPSK modulator. Thanks to the frequency and bandwidth multiplying operation, the system can generate a dual-chirp signal beyond the upper bound of the frequency and bandwidth of the devices. In addition, the system has good tunability for both the frequency and bandwidth of the generated dual-chirp waveform thanks to the filter-free operation.
In a radar system, the ambiguity function is the output response of a matched radar receiver to a single point target at all possible combinations of ranges and velocities. To obtain precise measurements of both the range and Doppler of a target, the ambiguity function should consist of a single peak at the origin, sufficiently thin in both dimensions [24] . For a single-chirp and a dual-chirp microwave waveforms, the ambiguity functions can be respectively expressed as [23] 
where ± corresponds to an up or down-chirp waveform, K is the chirp rate of the signal, τ and f d are the time delay and frequency shift which represent the range and velocity of a target.
As can be seen, the ambiguity function of a dual-chirp signal consists of two ambiguity functions of up and down-chirp waveforms respectively and a coefficient of 1/4. The peaks of the functions located at the origin, while the sidelobes at different locations. As a result, the mainlobe at the origin is maintained unchanged while the sidelobes are decreased by four times, which would lead to an improved range-Doppler resolution.
Simulation Results and Discussion
A simulation is performed to verify the proposed dual-chirp waveform generator. In the simulation, the output of the LD has a frequency of 193.1 THz, the RF signal has a frequency of 8 GHz, the input baseband single-chirp waveform has a time duration of 51.2 ns, and the chirp rate k is set as π × 10 16 s −2 . First, only one sub-MZM of the upper QPSK modulator is driven by the RF signal, while another sub-MZM and the main MZM are DC biased to generate two second-order sidebands with the optical carrier suppressed. The modulation index of the RF signal is set as 0.67. As for the bottom QPSK modulator, only one sub-MZM is driven by the baseband single-chirp waveform, while another sub-MZM and the main MZM are also DC biased to generate two second-order sidebands with the optical carrier suppressed. The modulation index of the baseband waveform is set as 1.25. At the output of the DP-QPSK modulator, four optical sidebands are obtained, while the optical carrier is totally suppressed, as shown in Fig. 4 . It can be seen that, two fourth-order sidebands modulated by the RF signal are also generated, but the power is 30.8 dB lower than that of the second-order sidebands. Inset of the figure shows the zoom in on the second-order sidebands modulated by the baseband waveform, the bandwidth of the generated optical sidebands is about 2 GHz, which is in accord with the calculated result of 2048 MHz. The output optical signal is then put into the Pol with an angle of 45 degree, boosted to 10 dBm and finally sent into the PD. Fig. 5 shows the generated electrical spectrum after the PD. As can be seen, a baseband signal, a dual-chirp waveform with carrier frequency of 16 GHz and a microwave signal with frequency of 32 GHz are obtained. Inset of the figure shows the zoom in on the dual-chirp microwave waveform, the carrier frequency is 16 GHz, which is two times the frequency of the input RF signal, while the bandwidth is 2048 MHz, which is four times the bandwidth of the input single-chirp baseband waveform. As a result, a frequency-doubling and bandwidth-quadrupling dual-chirp waveform is generated. Fig. 6(a) shows the waveform of the generated 16-GHz dual-chirp waveform with time duration of 51.2 ns, Fig. 6(b) shows the instantaneous frequency-time diagram for the waveform. As can be seen, a dual-chirp microwave waveform consisting of an up-chirp (with an instantaneous frequency from 16 to 17 GHz) and a down-chirp waveform (with an instantaneous frequency from 16 to 15 GHz) is realized.
Then, both sub-MZMs of the upper QPSK modulator are driven by RF signals to generate optical carrier and fourth-order sidebands. The modulator index of the RF signal applied to each MZM is 1.88. Both sub-MZMs of the bottom QPSK modulator are driven by baseband waveforms to generate optical carrier and fourth-order sidebands. The modulation index of the baseband waveform applied to each MZM is 3.14. The output optical spectrum of the DP-QPSK modulator is shown in Fig. 7 . As can be seen, two fourth-order sidebands modulated by the RF, two fourth-order sidebands modulated by the baseband waveform and the optical carrier are obtained, and the power of the optical carrier is 30 dB higher than that of the other sidebands. To eliminate the optical carrier, the Pol is set with an angle of 45 degree. The output spectrum of the Pol is shown in Fig. 8 , as shown in the figure, the optical carrier is totally suppressed. Inset of the figure shows the zoom in on the two fourth-order sidebands modulated by the baseband waveform, as can be seen, the bandwidth of the optical sidebands is about 4 GHz, which is in accord with the calculated result of 4096 MHz. The optical signal is then boosted to 10 dBm and put into the PD. Fig. 9 shows the output electrical spectrum at the output of the PD. Inset of the figure shows the zoom in on the spectrum of the 32-GHz dual-chirp microwave waveform. As can be seen, the bandwidth is 4096 MHz. As a result, a frequency-quadrupling and bandwidth-octupling dual-chirp waveform is generated. Fig. 10(a) shows the waveform of the generated 32-GHz dual-chirp microwave signal, while Fig. 10(b) shows the instantaneous frequency-time diagram for the waveform. As can be seen, a dual-chirp microwave waveform consisting of an up-chirp (with an instantaneous frequency from 32 to 34 GHz) and a down-chirp waveform (with an instantaneous frequency from 32 to 30 GHz) is realized.
The ambiguity function of the generated dual-chirp waveform is also investigated. Fig. 11 (a) shows the ambiguity function of the 51.2-ns time duration, 2048-MHz bandwidth, 16-GHz central frequency dual-chirp microwave waveform, as can be seen, the peak of the function located at the origin. Fig. 11(b) shows the corresponding contour map, while inset of the figure shows the −3-dB contour map. As a comparison, the −3-dB contour map of the ambiguity function for a single up or down-chirp microwave waveform with the same bandwidth of 2048 MHz and time duration of 51.2 ns is shown in Fig. 12 . As can be seen, the −3-dB contour maps of the single-chirp waveforms are much greater than that shown in the inset of Fig. 11(b) . Thus, it is verified that the use of a dual-chirp microwave waveform will increase the range-Doppler resolution in a radar system. Fig. 13(a) shows the ambiguity function of the generated 51.2-ns time duration, 4096-MHz bandwidth, 32-GHz central frequency dual-chirp microwave waveform, while Fig. 13(b) shows the corresponding contour map, and inset of the figure shows the −3-dB contour map. Compared with the results shown in Fig. 11(a) , the main-to-sidelobe ratio is improved and the −3-dB contour is decreased. By comparing the −3-dB contour map with that for the 2048-MHz bandwidth waveform, it can be seen that the value of the point of the −3-dB contour map located on the axis of the time delay is decreased by two times, while that located on the axis of the Doppler frequency keeps the same, thus the −3-dB contour map is decreased by two times, this is because that a wider bandwidth has a better range-Doppler resolution.
Conclusion
In conclusion, we have proposed a photonic approach to generating a frequency and bandwidth multiplying dual-chirp microwave waveform using a single DP-QPSK modulator. The key contribution of the scheme is the use of a single integrated modulator to perform three functions simultaneously, to generate two complementarily chirped waveforms, to up-convert the central frequency, and to perform the frequency and bandwidth multiplying of the dual-chirp waveform. The proposed technique was verified by simulation. A 51.2-ns frequency-doubling and bandwidth-quadrupling dual-chirp microwave waveform with central frequency of 16 GHz, bandwidth of 2048 MHz was generated. In another study, a 51.2-ns frequency-quadrupling and bandwidth-octupling dual-chirp microwave waveform with central frequency of 32 GHz, bandwidth of 4096 MHz was generated. Compared with a single-chirp microwave waveform, the range-Doppler resolution was significantly increased by using the generated waveform.
